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RECOMBINANT LIBRARY SCREENING METHODS 



Field o f the Invention 
The. present invention relates generally to 
recombinant DNA technology and, more particularly, to 
methods for screening DNA libraries for DNA sequences 
that encode proteins of interest. 
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Backgr ound of the Invention 
Isolating a gone which encodes a desired 
protein from a recombinant DNA library can be a daunting 
task. Hybridization probes may facilitate the process, 
but their use is generally dependent on knowing at least 
a portion of the sequence of the gene which encodes the 
protein. When the sequence is not known, DNA libraries 
have been expressed in an expression vector and 
antibodies have been used to screen plaques or colonies 
for the desired protein antigen. This procedure has been 
useful in screening small libraries, but sequences which 
are represented in less than about 1 in 10 5 clones are 
easily missed, and screening libraries larger than 10 6 
can be difficult. 

Antibody molecules are comprised of .light and 
heavy polypeptide chains, each having a distinct variable 
(V) region, the combination of which produces an antigen 
binding region. Based on random combination events of 
heavy and light chains in any one antibody-producing 
cell, the potential repertoire of antibody heavy and 
light chain combinations nay be as much as 10 12 or 
greater. Thus, to sample a large fraction of this 
repertoire and obtain clones which express on antibody 
having a desired antigen binding specificity, an 
extrcscly largo library may have to be constructed and 
screened. 



Methods arc needed which facilitate the 
screening process, thereby enabling DMA sequences which 
encode proteins of interest, and particularly antibody 
molecules, to be more readily identified, recloned and 
expressed. Were such procedures available, it may beccr. 
possible to probe an animal's entire antibody repertoire 
for example, to obtained an antibody to a preselected 
target molecule. In this manner the difficulties and 
labor intensive process of generating monoclonal 
antibodies, regardless of the species of origin, by 
conventional hybridization or transformation of 
lymphoblastoid cells, may be avoided. Quite 
surprisingly, the present invention fulfills these and 
other related needs. 

Summary of the Invention 
Methods are provided for screening a DNA 
library for a nucleotide sequence which encodes a protei 
of interest. The methods generally , involve physically 
linking the protein of interest, in a biologically activ 
fora (usually having a binding activity) , to the specif i 
DNA sequence encoding that protein. This allows the 
isolation and identification of that DNA by means of 
affinity techniques relying on the binding activity of 
the protein of interest. 

In one aspect of the invention a bacterial hos 
cell is transformed or infected with a bacteriophage 
expression vector, which vector comprises a DNA library 
member joined to a first nucleotide sequence encoding a 
tag protein. The vector also contains a second 
: uclebtide sequence that encodes a tag ligand peptide 
that specifically binds the tag protein, which second 
sequence is joined to a third nucleotide sequence 
encoding a coat protein of the bacteriophage particle. 
The transformed or infected host cell is then cultivated 
under conditions suitable for expression and assembly of 
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extruded from the cell. Phage bearing the desired 
protein are then selected by means of a lignnd specific 
for the protein of interest. 

In yet another embodiment the invention 
concerns methods for screening a DMA library whose 
members are joined to a nucleotide sequence encoding a 
coat protein of a bacteriophage vector- The phage may be 
a filamentous phage, such as, for example, fd, fi f or 
M13 . Typically the DNA library sequences are inserted in 
the 5* region of a gene which encodes a phage coat 
protein, such as pill. Thus, a phage coat protein fused 
to a DMA library member-encoded protein is produced and 
assembled in to the viral particle. For those proteins 
whose activity requires more than one chain, the second 
and any subsequent chain(s) are expressed from the phage 
genome so as to be transported to the periplasm where 
they assemble with the first chain that is fused to the 
phage coat protein, which complex associates with the 
phage particle as it exits the cell. Phage particles 
which encode the protein of interest are selected by 
means of a ligand specific for the protein. 

Description of the Spe cific E mbodiments 
Methods and compositions are provided by the 
present invention for conveniently identifying clones of 
desired reconbinantly-produced proteins. A method of 
affinity enrichment allows for the screening of libraries 
to identify clones having desired ligand specificities, 

Q 

where up to about 10 or mere clones may be readily 
screened. This represents a significant improvement -over 
the art, where conventional procedures typically allow 
about 10 6 clones in a DMA library to be screened, 
sometimes up to 10 7 clones but with proportionate 
.increases in time and labor. 

" In one aspect the invention involves linking 
the desired protein, such as an antibody molecule, to the 
DNA which encodes it. By then enriching for the protein, 
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such as by affinity techniques, for example, the DNA 
which encodes the protein is also enriched and may then 
be isolated. The DNA so obtained may then be cloned and 
expressed in other systems, yielding potentially largo 
quantities of the desired protein, or may be subjected to 
sequencing and further cloning and genetic manipulations 
prior to expression. 

The protein for which the DNA is enriched and 
cloned according to the present invention is typically an 
antibody or fragment thereof, but may also be any protein 
which may be cloned from a nucleotide library. In 
addition to antibodies, such proteins may include, for 
example, growth hormones, interferons, inter. 1 euk ins , 
hormones, enzymes, zymogens, etc. Proteins which nay be 
15 cloned ar^ those for which specific binding partners 

(e.g. antigen or hapten when the dosired protein is an ■ 
antibody) have been identified. 

When the protein of interest is an antibody of 
a desired binding specificity, the antibody may be of any 
of the known isotypes or subclasses for a particular 
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species, andpnay be a single-chain or two-cha in binding'" 
complex or portion the r eof. For in stance, only the 
yariable antigen-binding regions of heavy (V ~jj^a7b~r ^ 
light (V T ) chains may be Identifie d and c loned; the 
binding fragments (F v ) o r Fab encoded thereby may find 
use either as a binding fragment, joined to constant 



^regions of heavy or light chains, or joined to other 
proteins hwing desired effector functions. The 
characteristics of the constant region domains will 
30 depend to a large extent on the use intended for the 

antibody, e.g., diagnostic and/or therapeutic 
applications, catalytic antibodies, etc. 

Typically the protein's binding partner, e.g., 
an antigen or hapten when the protein is an antibody, is 
35 known, and the methods herein provide a means for 

creating and/or identifying a protein (and the DNA which 
encodes the protein) which specifically binds the binding 
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partner of interest. Thus when the protein is an 
antibody the present invention provides a novel means for 
producing antibodies, particularly monoclonal antibodies, 
to predetenained antigens and antigenic determinants, 
thereby circumventing the laborious, time-consuming and 
often unpredictable process of conventional monoclonal 
antibody technology. Although murine monoclonal antibody 
production is often relatively straightforv;vrd. it is 
labor intensive. Furthermore, the development of human 
monoclonal antibodies by conventional approaches has been 
hampered by a variety of technical dif f i culties „ hichf to 
a large extent, would be circumvented by the present 
invention. 

According to the present invention, a DNA 
library is prepared from cells which are capable of 
encoding the desired protein. A variety of techniques 
exist for preparing the library, which may be prepared 
from either genomic DNA or cONA. See, e.g., Sambrook et 
al-. Molecular Cloning, A Laboratory Manual 2nd ed . , 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
N.Y., 1989, which is incorporated herein by reference. 
It is understood that when referring herein to DNA it is 
meant to include both genomic and cDNA, unless otherwise 
specified. The cells which serve as the source of Rna or 
DNA may be any which are capable of encoding the protein 
of interest. Enrichment procedures and means for 
amplifying the regions containing the gene(s), if known, 
may be employed. For instance, when the desired protein 
is an antibody, rna and cDHA may be prepared from spleen 
cells from unimaunized animals, from animals immunized 
with antiger.r or haptens of interest, hybridoma cells, or 
lyuphoblastoid cells, for example. The use of spleen' 
cells from unianunized animals provides a better 
representation of the possible antibody repertoire, while 
spleen cells from immunized animals are enriched for 
sequences directed against epitopes of the immunizing 
antigen or haptens. The cells may be obtained from a 
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variety of animal species, such as human, mouse, rat, 
lagoraorpha, equine, bovine, avian, etc., the selection 
often dependent on the protein of interest and the use 
for which it is intended. 

Amplification of sequences representing 
messenger RNA (mRNA) isolated from ceils of interest, 
such as spleen or hybridona cells, may be performed 
according to protocols outlined in, e.g., U.S. 4,683,202, 
Orlandi, et al. PrPC, Natl, Acad. Scl . ns ft 86: 3833-3837 
(1989), Sastry et al., Proc. Natl . Acad. <; c j . USA 
86:5728-5732 (1989), and Huse et al. Science 2 4 6 : 12 75- 
1281 (1989), each incorporated herein by reference. 
Oligonucleotide primers useful in amplification protocols 
may ue unique or dege nerate or in corp— _f r— i nr at 
^deg enerate positions. ^Th^s, for^ul ti-ch aTrP* 



immunoglobulins, primers would be gent 



fci for 



amplification of sequences enco ding the variable regior 
of (goth the heavy andffgn^ < ™ 



*est riction 



enaonuclease recognition sequences may be incorporated 
into the primers to allow for the cloning of the 
amplified fragme.it into a vector in a predetermined 
reading- frame for expression. 

Expression libraries containing the amplified 
cDNA are typically prepared in a vector such as a 
bacteriophage. The characteristics of the suitable 
bacteriophage depends on the specific embodiment 
employed, .and will generally be those which conveniently 
allow insertion of the recombinant DNA into host cells by 
in vitro packaging or genetic transformation, which 
infect host cells capable of expressing the desired 
proteins, and whose DNA contains restriction sites, 
useful for cloning, which are located in regions of the 
phage genome where insertion of foreign DNA will net 
substantially disrupt essential functions of the phage. 

Thus, in one. embodiment of the invention 
whereby the protein is processed and assembled into a 
functional form and associates with the bacteriophage 



particles within the cytoplasm of the host cell, 
bacteriophage A and derivatives thereof are examples of 
suitable vector s. lliL . .■lon'Tr^Tn i i, i,? 

sequej^e^suciTlsfv^^ region frogr.ent> 



S^JlUyAuy utU JJiV'EW iiibiil'l.d into A vector,"^ 



desert generally by Huse et al., suo^. and short'ee 
de l e t e n cjds p., , 16:7583 (1968). The vector nay 
~ „ = «» y «ai.uric with respect to restriction 
sites that flank the cloning and expression sequences 
This asymmetry allows efficient recombination of 
libraries coding f jr separate chains of the active 
protein. 

When the desired pro.tein is an in.-.unoglobul in 
a library expressing antibody light chain binding reg'ors 
»*y be combined with one expressing antibody heavy chain 
binding regions, thereby constructing combinatorial 
antibody or Fab expression libraries. For instance, one 
X vector is designed to serve as a cloning vector for 
antibody light chain sequences, and another A vector is 
designed to serve as a cloning vector for antibody heavy 
cnain sequences in the initial steps of library 
construction. A combinatorial library is constructed 
from the two A libraries by crossing then at an 
appropriate restriction site. DNA is first purified fron 
each library, and the right and left anas of each 
respective A vector cleaved so as to leave the antibody 
chain sequences intact. The DNAs are then mixed and 
ligated, and only clones that result from proper assembly 
of reciprocal vectors reconstitute as viable phage. 

The invention also contemplates alternative 
methods for achieving efficient recombination of 
libraries encoding the separate protein chains. ThcS e 
alternatives include the use of multiple, rare cloning 
^tes (e.g., Not I and Sfi I) used in subcloning 
sequences from one library into the other; or using phage 
vectors which exist in double stranded, plasmid-like fom 
at some point i„ their life cycle (e.g., replicative form 



"RF" DNA of filamentous phage), and to clone the separate 

libraries in different versions of the vector containing 

different cloning sices and different selectable markers 
R R 

(Air.p and Tet , for example) . The sequences from the 
separate libraries are joined so that a sequence of 
interest and a corresponding selectable marker from each 
library resides in each single phage genome. Application 
of double selection will enrich for those hosts harboring 
the combined phage genomes. 

As mentioned, the vectors nay be engineered to 
efficiently clone the library amplification products. 
For example, oligonucleotides nay be used to introduce 
the asymmetric restriction sites, a ribosoir.e binding site 
at an optimal distance for expression of the cloned 
sequence, and cloning sites for the library amplification 
products. 

In certain embodiments of the invention at 
least one of the library-encoded protein chains is cloned 
into a vector so as to be expressed fused to a tag 
protein. As used herein, a "tag" 'protein is meant to 
refer to a protein which has a specific binding affinity 
for a peptide or protein ligand. For example, the tag 
protein should have specificity for a peptide or protein 
ligand of at least about 3 to about 100 or more amino 
acids, preferably with an affinity exceeding at least 
about 10~ 7 to 10~ 8 M, and more preferably equal to or 
greater than about 10" 9 M. A tag protein with, more than 
one binding site for the tag ligand peptide provides a 
resulting increase in avidity, which greatly decreases 
the dissociation rate and somewhat relaxes the 
requirement for affinity at each site (the affinity of 
each binding site may then be as low as about 10~ 6 M) . 
The tag protein should be preferably less than about 
lOOkD but may be more, and should be of a composition 
such that its fusion with the protein of interest, e.g., 
the N-terrainus of the tag with the C-terminus of an 
antibody heavy chain fragment, does not interfere with 
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the binding of tag protein to che tag ligand pcpti-Je. 
The tag protein should also be sv.ch that itr» prccorvc ■: 
the C-teroinus of the protein (e.g., antibody frag-or.tj 
does not in general alter the specificity of, or 
seriously reduce the affinity of the protein for its 
ligand (e.g., of an antibody for its antigen). 

A sequence encoding the tag peptide licar.d is 
engineered into or adjacent to a gene encoding a 
bacteriophage coat protein so as to display the ligor.-J 
• the outer surface of the phage particle. Thus, -hen th 
foreign library DNA is expressed as a fusion protein 
the tag protein, the specific binding pair ligand zorco 
will be accessible to bind the tag/desired protein fusi 
protein. If the desired library encoded protein is a 
sulti-chain protein, such as an antibody, generally cr.l 
one of the chaii.s (?~ferably the heavy chain if an 
antibody) is expressed fused to the tag protein. Vc 
ninisize interference vith the antigen bindir.7 regicr. c 
the antibody or fragment thereof (which binding is used 
in the panning procedure described further belcv to 
isolate the phage encoding the desired antibody or cthe 
protein of interest) the tag protein is typically fuso^ 
at the heavy chain C-terainus or the C-ter=inus of the 
desired fragment. 

The density of tagging of the phage particles 
may be controlled by expressing the ligand peptide in a 
pl^snid carrying an additional copy of the phage protei: 
expressed at the desired level. In this case only a 
portion of the proteins going into the assembly of the 
phage would contain the peptide ligand to the tag 
protein. 

Host cells are then injected with the phace, 
and cultivated under conditions allowing for the 
expression and assembly of phage particles. The 
appropriate host cells for bacteriophage X are various 
strains of £. coli, specific exazples depending on which 
of the several suitable X vectors is chosen. Of course. 
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phage having bacterial host, othor than E - CLU ^ 

tC U "° d ' under the appropriate induction, the 1 ifcrary- 
encoded protein chain-tag (and other library-encode, 
chains if the protein is nulti-cho inod; is expressed ar,J ■ 
amoved to asse=ble in the bacterial cytoplasm ..t 
should be noted that the assembly of sor.c culti-cham 
proteins, such as sor.e antibodies. =ay be hindered to 
sone extent in the taenia) cyt^lasa. the induction c. 
the proteins =ay be delayed i-ntil sc=e replication e. 
the phage genome, synthesis of sc=e of tn. 
st-uctural proteins, and assembly of sor.e phage p«r.:c- 
has occurred. The a,se=bled protein chains then interact 
with the phage particles via the binding of the tag ^ 
Protein with its peptide Ugand on the outer surface = . 

■ , „ T v, e cells are lysed and the phage 
the phaoe particle. T..e cens a. j 

bearing the library-encoded receptor protein ttnar 
corresponds to the specific library sconce, carried in 
the DMA of that phage) are released and isolated Crcr. tr.e 
bacterial debris. Once the cells lyse. any further 
Ending of the antibodies to the phage should be 
prevented to niniaize spurious binding between re,ept=r 
protein and phaga particles originating fro. different 
cells. Because the ligand peptide or. the phage sur.^e 
M y be in excess, an aaount of the tag protein is added 
to the cell suspension before lyr.is sufficient to bind 
and block" unoccupied peptide on the surface of phage 
released fron the cells. 

To enrich for and isolate phage which conta.n 
cloned library .sequences that encode , d^ired prctein. 
and thus to ultin.t.ly isolate the nucleic acid sequences 
themselves, phage harv.rted fro= the bacterial debris are 
affinity purified. A ligand or binding partner specific 
for the desired coned library protein is used 
offinity purification. For „::«pl., when the desired 
prctein is an antibody uhich specifically binds a, 
particular anticon cr antigenic determinant, the antigen 
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or determinant is used to retrieve phage having the 
desired protein on or a part of its outer surface. The 
ligand is typically adsorbed to an insoluble substrate, 
such as a particle or bead or plate. The phage so 
obtained say then be amplified by infecting into host 
cells. Additional rounds of affinity enrichment , as 
great as or greater than 10 4 fold per round, and 
amplification nay be eaployed until the desired level of 
enrichment is reached or the target phage are no longer 
enriched relative to the background phage. 

The enriched antibody-phage are also screened 
with additional detection techniques such as expression 
plaque (or colony) lift (see, e.g.. Young and Davis, 
SslsaZSL. 222:778-782 (1983). incorporated herein by 
reference) whereby the same or another binding partner is 
used as a probe. Screening nay employ additional assays 
(for a catalytic activity, for example) which are used to 
detect, in situ, plaques expressing proteins having the 
desired characteristics. The phage obtained from the 
screening protocol are infected into cells, propagated, 
and the phage DNA Isolated and sequenced, and/or recloncd 
into a vector intended for gene expression in prokaryotcs 
or eukaryotes to obtain larger amounts of the particular 
protein selected. 

In another embodiment, the library-encoded 
desired protein (or multiple chains comprising said 
protein) is transported to an extra-cytoplasmic 
compartment of the host cell, usually the pcriplasmic 
space, to facilitate processing and/or proper assembly. 
This may be preferred when the desired protein is an 
antibody cr the antigen binding region of antibody heavy 
and light chains. When cxtra-cytoplasnic transport of 
the desired protein is employed, tho sequences encoding 
one or more polypeptide chains of the protein are cloned 
adjacent to appropriate transcriptional and translation.il 
signals and signal pcptldo leaders that will direct the 
mature chains to tho periplasm. As above, however, at 
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cloning site located in the 5' region of a gene encoding 
a phage coat protein, such as, for example, the pin coat 
protein. An appropriate vector (e.g., fd-tet Dl which is 
described below) allows oriented cloning of foreign 
sequences so that they are expressed at or near the N- 
terrainus of the mature coat protein. 

A library is constructed by cloning the cDNA 
(e.g., the V H region) frcm the donor cells into a coat 
protein gene (e.g., gene III, "gill") cloning site. The 
cloned sequences of, for example, the V H domains are 
ultimately expressed as polypeptides or proteins (of up 
to about 120 amino acids in the case of the V H protein) 
fused to the N-terminus of the mature coat protein on the 
outer, accessible surface of the assembled phage 
particles. Although a large peptide fragment near the li- 
te rainus of the coat protein may cause a decrease in the 
phage infectivity and/or yield compared to phage with 
much smaller, similarly-placed fragments, the larger 
fragments may still be effectively enriched by the 
20 procedures described herein. 

Some peptides, because of their size and/or 
sequence, may cause severe defects in the infectivity of 
their carrier phage. This causes a loss of phage from 
the population during reinfection and amplification 
2S following each cycle of panning. To minimize problems 

associated with defective infectivity, DNA prepared from 
the eluted phage is transformed .into host cells by 
electropcration or well known chemical means. The cells 
are cultivated for a period of time sufficient for marker 
expression, and selection is applied as typically done 
for DNA transformation. The colonies are amplified, and 
phage harvested as described below for a subsequent 
round (s) of panning. 

When the desired protein is a multi-chain 
protein, such as an antibody or binding fragment thereof, 
the cDNA encoding the chain (s) not cloned into a phage 
coat protein may be cloned directly into an appropriate 
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site (as described below) of the vector containing the 
first chain-coat protein library; or, preferably/ the 
subsequent chain(s) nay be cloned as a separate library 
in a different plasaid vector, amplified, and 
subsequently the fragnents installed in the first chain- 
coat protein library vector. For example, when the first 
chain is an antibody heavy chain or binding fragment 
thereof, the ultimate destination of Jioht- i, 
sequence is in a vector phage RF DNA that already 
contains a V H sequence in a coat protein gene, thus 
randonly recocbining V H and V L sequences in a single 
phage genor.e. 

The second or subsequent chain of the desired 
multi-chain protein, such as V L , is cloned so -.hat it is 
expressed with a signal peptide leader sequence that -ill 
direct its secretion into the periplasm of the host cell. 
For exanple, several leader sequences have been shown to 
direct the secretion of antibody sequences in £: col i 
such as OmpA (Hsiung, et al., Biotechnol nay 4:991-995 
(1986)), pelB (Better, et al., Science 240:104 1-104 3 
(1938)), phoA (Skerra and Pluckthun, Science 240:1033- 
1043 (1988)), and /J-lactaaase (Zenel-Dreasen and Zaair. 
gene. 27:315-322 (1984)). 

The cloning site for the subsequent chain 
cDNA's should be placed so that it does not substantially 
interfere with normal phage function. One such locus is 
the intergenic region as described by Zinder and Boeke, 
££H£ 19:l-io (1982). The v L sequence is preferably 
expressed at an equal or higher level than the v H /pin 
product to maintain a sufficiently high V L conc.Stration 
in the periplasm to provide efficient assembly 
(association) of V L with V H chains. 

Cenerally, the successful cloning strategy 
utilizing a phage coat protein, such as pin of 
filanentous phage fd, will provide: (1) expression of a 
protein ch,ain (or a first polypeptide chain when the 
desired protein is multi-chained, e.g., the V H chain) 
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fused to the M-terminus of a full sized (or nearly full 
sized) coat protein (e.g., pill) and transport to the 
inner membrane of the host where the hydrophobic domain 
in the C-terminal region of the coat protein anchors the 
fusion protein in the membrane, with the M-tcrminus 
containing the chain protruding into the periplastic 
space and available for interaction with a second or 
subsequent chain (e.g., V L to form an F v or Fab fragment) 
which is thus attached to the coat protein; (2) adequate 
expression of a second or subsequent polypeptide chain if 
present (e.g. , V L ) and transport of this chain to the 
soluble compartment of the periplasm; and (3) will 
usually, but not necessarily, produce little cr no 
interference with normal phage function or host cell 
viability. 

The number of possible combinations of heavy 
and light chains probably exceeds 10 i2 . To sample as 
many combinations as possible depends, in part, on the 
ability to recover large numbers of trans formants . for 
phage with plasmid-like forms (as filamentous phage) , 
electrotransf ormation provides an efficiency comparable 
to that of phage A transfection with in vitro packaging, 
in addition to a very high capacity for DMA input. This 
allows large amounts of vector DMA to be used to obtain 
very large numbers of trans formants . The method 
described by Dower et al., Nucle ic Acids Res . . 16:6127- 
6145 (1988), incorporated by reference herein, may be 
used to transform fd-tet derived recombinants at the rate 
of about 10 7 transformants/ptg of ligated vector into 
£• col i (such as strain MC1061) W and libraries may be 
constructed in fd-tet Bl of up to about 3 x 10 3 members 
or more. Increasing DMA input and making modifications 
to the cloning protocol within the ability of the skilled 
artisan may produce increases of greater than about 10- 
fold in the recovery of transf ormants , providing 
libraries of up to 10 10 or more recombinants. 
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The transforms are selected by growth in Jn 
approbate antibiotics, which, in the C as7 cf 

T™: 5 tStraCyCline - ™> - done on si 

or in guxd growth .ediua. F or growth on solid nediu- 
the cells are grown at a high density ( . l0 8 to tea " 

21 3 exanple, 

contaxn.ng the selective antibiotic to for. essentiallv , 
confluent lawn. xhe cells and extruded pha ge ... ^ 
surface and phage ^^^^ ^ • c c_ 

of pann.ng essentially as described by Paraley anc ' 
*™ -:30S-3 18 (19M) . incorporated by ref er I n 'h ^ ' 
ror growth ,n liguid culture, cells ,oy be grown in L 
.rot a nd antibiotic through abQut ao ^ J doublings 
The phage are harvested by standard procedures (see 

(1969). supxa, for preparation of M13 phage, as 'ur-ho- 
-dified as described below. Crovth in ? " 
™Y be nore convenient because of the size of t,e 
Ubraries, w hile growth on solid D edia lively provides 
less chance of bias during the amplification proceis 
,k «. 3 ^ a f finit y e ^ichnent of desired clones 
about 10 3 to xo« library eguivalents (a library 
equivalent is one of each recombinant - 10 « elivai. - 
o< .librarv of ^ ^bers is 10 * x xo « . JT^ % 
•r. incubated with hapten (ligand, to which the des d 

sche V appropriate for affinity enrichment 

sche In one exampu the hapten . s £ 

encuob USUaUy anCh ° red b * > C ^her of 

en= U gh ength (3 to 12 carbons, for example) to held the 
hapten far enough away f ron the surface to per.it f-ee 
interaction with the antibody cabining -site. T ,e 

lo r b r i { °? ha9e bear1 " 9 antib ° dieS iS the " P-nned on , he 

1 ed" 9Cner3lly ™"* t0 - P"ccdure 

described in the Example section below. 

A second example of hapten presentation is 
napten attached to a recognizable ligand (again with a 
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tether of some length). A specific example of such a 
ligand is biotin. The hapten, so modified, is incubated 
with the library of phage and binding occurs with both 
re^ctants in solution. The resulting complexes are then 
bound to streptavidin (or avidin) through the biotin 
moiety. The streptavidin may be immobilized on a surface 
such as a plastic plate or on particles, in which case 
the complexes (phage-antibody-hapten-biotin-streptavid in) 
are physically retained; or the streptavidin may be 
labelled, with a fluorophore, for example, to tag the 
active phage/antibedy for detection and/or isolation by 
sorting procedures, e.g., on a fluorescence - activated 
cell sorter. 

The phage bearing antibodies without the 
desired specificity are removed by washing. The degree 
and stringency of washing required will be determined for 
each protein of interest. A certain degree of control 
can be exerted over the binding characteristics of the 
antibodies recovered by adjusting the conditions of the 
binding incubation and the subsequent washing. .The 
temperature, pH, ionic strength, divalent cations 
concentration, and the volume and duration of the washing 
will select for antibodies within particular ranges of 
affinity for the hapten. Selection based on slow 
dissociation rate, which is usually predictive of high 
affinity, is the most practical route. This may be done 
either by continued incubation in the presence of a 
saturating amount of free hapten, or by increasing the 
volume, number, and length of the washes. In each case, 
the rebinding of dissociated antibody-phage is prevented, 
and with increasing time, antibody-phage of higher and 
higher affinity are recovered. 

Additional modifications of the binding and 
washing procedures may be applied to find antibodies with 
special characteristics. The affinities of some 
antibodies are dependent on ionic strength or cation 
concentration. This is a useful characteristic for 
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antibodies to be used in affinity purification of 

antibodies which d«p.„d on c." , w '""P 1 " «o 
which r e l ea5ea th .,rr bl " dln5 «nd 

bind ln t h e pr„.„ e . 0 , ECTA> ' r0,,p f *» to 

«y - .nric^'" Vit " C " t3i " ««lviti„ 

finding antibodies to se ' ul ln 

Furt ho . c.talyze certain reactions 

Further, catalytic antibodies capable of «--."*', 
reactions ffiay also be sel P ce.. ain clcavage 

reactions is the c Selected - One category of such 
molecule o X I °' " ^ ^ <~ a 

selected by ^ " ^ ° f * «/ be 

antibody librarv u h ^ pannin * the 

norary under conditions exn P ri-oH * 

Ending but not cleavage (e g L L 

, * ^ e *9"' iov temperature 

P-icular ionic strength, P H, cation concen ration 
,tc " Ending on the nature of the ^ Centration < 
cleavage reactfnn, „ group and the 

age reaction) and followed by a wash rh i= 
antibodies th^ • w *sn. rhis allows 

aies that recognize the end group to hinH * „ 
becooe Mobilized, and fro* this group will 
enable of cleavage. To find th J" !T U ?** ^ 

2~Z ars — - — - vag " 

ravage. This step will release those ar MK 
capable of cleavi™ , h , antibody-ph age 
peptide. 9 the3SelVe3 or the in ra obili 2ed 

-r .nti J^hTbi^ T y " aCCOBPliSh iS t0 

xes tnat bind to the snprifu , 

" e s P € <=iric end group by 
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nd6r ge cc ndition P a th 3 e Ched the Proper bond 

b * enriched for those ^ he -n- binding 
activity. cn desired catalytic 

'^^^"^apcen 6 , TtttTtZT 1 ^-^ £ '°* the 
~e d by eIuting J J age are generally 

el "t ed phage are then n.utr«li,. d and th . 

cell,. Ex aap i es d of b V n h feCting " '"""-r-ing 
MC1061 -^« or K91. The Ce f n SUCh h6Sts «• fi^, 9 

SC «P^ up and the e ' d 0l ° nieS ' Th * colonies are 

Proce d ure s as be : d ^ bv 
--ot.er round of ^ — are ^ used 

e tM CyCle i« repeated until thed ' 

° n9er relative 1 the target phage are no 

**«ted roiInds t0 the b ackgroun d phage . 

- provi de ievels ^ ^erveni ng „oli flc . tlon , 

in dividual C i 0 ;;; ic p h :; nt — ding ^- fpld . io ; 

and eIut , on are 6 21 — rou- or 

tran, forned int<j ^ ed into CeUs ^ ^ 

«« anti bi , tlcg °" agar (usually ^_ 

«-P«.t.d in d i vidual coloni Uy t6tJ to 'or- w.i; 

" "'""V =ay be i s0 l a -.„ extruded 
"H «d V, fra , n „ ta «» cod In , tor th0 

P"«9. OKA ,d„ ubu "Pllc.tlv. torB ot 

" eu ^'Tote s to obtain 
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A filamentous bacteriophage vector. fcTetBl. 
.as constructed fro. the tetracycline resistance 

HTpt fzacher et al. , 1980). The 
transducing vector fdTet (Zacner 

cloning site in WTetBl was engineered into the N- 
t erminal region of gene III. and comprises two non- 
co»pl«*nt«y BstXI sites separated by 18 base . ; 
was accomplished by first removing a BstXI 
site that was already present in the TN10 reg:on of 
fdTet. RF DNA was digested with BstXI restriction 
Indonuclease, followed by the addition of T« poly-ra.o 
to remove the protruding 3- t.»inl. Blunt ended 
,olecules were then ligated and electrotransf ormed e 
HC10.1. RF DNA was isolated from several t.t:.e» 
resistant transforms and was digested v,th 
restriction endonuclease. A cl.ne which was not dl ges,cd 
with this enzyme vas selected for insertion of the 
cloning site by site directed mutageneses (Kunfc.l a.., 

Fnzv»ol.. 154:367-382 (1987), with the 
ctlgo^eo^de 5 ' TATGAGGTTTTGCCAGACAACTCGAACAGTiTC/\GCu.GA 
GTGCCAGTAGAATGGAACAACTAAAGG-3 ' Insertion of the correct 
nutagenic sequence was confined by dideoxy sequencing 
RF DNA th,t wa, isolated from several tetracyclxne 
resistant trans forroants. 

Vector fdTetBSN was constructed to contain - 
pair of non-complementary Sfil sites in the TK10 region. 
"n<s site is the ultimate destination of the expression 
cassette from the light chain library, 
opened at the unique Hindi:.! site. Two synthetic, 
complementary oligonucleotide, were .ir.ased and annealed 
to form the structure 

XGCTCGCCCCAGCGCCCGCCGCCCCCCCCGCT.tOCCCC 

CCGGCCTCGCCCGCr-CCGCCGCCCCCCAGoUCCGTCGA 

This oligo was Ugated to the HindHI site of MI.:B 
standard methods. A properly liqated and circu 
molecule should contain no HindHI sites, so af.er 
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inact* 

'^^U^llT^J^ 1 ^ w as rccut 

an ins ««. Xhis materla 0 ; e w pia - ids that had not J 
^ selected on t r r 1 a ;;; ii — t„„. fonBed in - 

^Iting molecule, vas "^J""-- ™ e «r Uctur . of ^ 

vere 

To construct t*h- 

"-i- to 91V . the - 

GCC tcc 9 struc ture 
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Xhor «nd sper sites to ° f fdBSN *> Prov ide 

ces to receive th« k P rov ide uni que 

<i 9 «„ na PUs " i " »««or ^ 

CCCGCGTCCCCCC 

t0 ^ b i Un ^d A1 w NI slte _ 

Th e Aatlr sit 
°P^ned and a f 6 ° f th ^ «odifie d p0cig 

Xi 9ht chain 

^ dow nstrean "cribed by H use et al f] „ 

Sfl * site or ,k (Wth res P e « to tran, ^ °" 

- contain" ( f ^ cc 7C CCcc C S T C ;; Pt^0n, * 

- - a si gn :r Pe %r°:::' a — 

Si -' —on t^ilZ' Si -' — 
QsaslDi ^ K Sfi * site. 

lrCd a "tibody blnds 
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The cDNA is amplified by PCR using primers annealing to 
the regions common to many antibody sequences that flank 
the variable antigen binding domains. The primers also 
contain appropriate restriction site sequences as 
described below. The amplified, double-stranded 
fragments are digested with the appropriate restriction 
nucleases and ligated to the compatible sites in the 
respective vectors. For the heavy chain fragments this 
is accomplished by the incorporation of Xhol sites into 
the 5' -PCR primers and Spel sites into the 3' -primers. 
These sites are then exposed by digestion and ligated to 
the corresponding siter in the digested fdTctSXNS vector. 
The ligation products were transformed by electroporat icn 
into £. coli MC1061 and, after outgrowth, selected on 
tetracycline. 

For the light chain library, the light chain 
fragments are amplified with 5' -PCR primers containing 
Sad sites and 3'-primers containing Xbal sites. The 
sites on the fragments are opened and lighted to the 
corresponding sites in pVL. The ligation products are 
then transformed by electroporat ion into £. coii KC1061. 
AftCi. outgrowth, transf oraants were recovered by 
selection on ampicillin. 

Construct i on of the c ^binod hcaw-1 lght Chn i n expression 

library 

DNA from the light chain library (in pVL) was 
digested with Sfil. The larger of the two resulting 
fragments, which contains the light chain expression 
cassette, is isolated and ligated in several-fold molar 
excess to DNA of the heavy chain library (in fdTctSXNS) 
that has been digested with Sfil. The ligation products 
Are transformed by e lectroporat ion into £. £oLL MC1061 
cells. After a period of outgrowth, the transforms 
are double-selected on ampicillin (100 ug/ml) and 
tetracycline (20 ug/ml). The resulting trans forrr.ants 



constitute combined library of heavy and light chain 
fragments in fdTetSXNS. 

The methods of cDNA synthesis, restriction 
digestions, fragment phosphorylation, and ligation are 
essentially as prescribed in Sambrook et al., supra. In 
all cases, DNA to be transformed is ethanol precipitated 
in the presence of 0.3M sodium acetate and resuspended in 
water. Electrotransf onnat ions are done as described by 
Dower et al., supra. After 1 hour of non-selective 
outgrowth at 37«c in SOC medium (2X Bacto tryptone, 0.5* 
Bacto yeast extract, lOmrt NaCl, 2 . 5mM KC1, 10mM KgC12, 
lOmM MgS04, 20mH glucose) and an aliquot is removed and 
several dilutions are plated on LB plates containing the 
appropriate antibiotic (20 ug/ml tetracycline, loo ug/ml 
acpicillin, or both). The remainder of the 
transformation is used to inoculate one liter of L-broth 
containing the appropriate antibiotic and is grown for 
various times to amplify the library. Phage are isolated 
from this culture and stored at 4'C. 

Isolation of Ph*<^ 

Purified phage from liquid cultures are 
obtained by clearing the supernatant, two times by 
centrifugation, and precipitating phage particles with 
polyethylene glycol (final concentration 3.3% 
polyethylene glycol 8000, 0.4M NaCl). Following 
centrifugation, phage pellets are resuspended in TBS (50 
mrt Tris-HCl, pH 7.5, i50nM NaCl) and stored at 4* c. 
Phage are also isolated from plate stocks in this v.anner, 
after scraping colonies from the agar surface and 
resuspending in L-broth. 

Affinity Purl f <c.h j n n 

Approximately 10 3 - 10 4 library equivalents of 
phage are reacted overnight with 1 jig purified antibody 
at 4* c. The mixture is panned by a procedure as 
follows. A 60 x 15 mm polystyrene pctri place is coated 
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with 1 ml of streptavidin solution (1 mg/ml in 0.1 M 
NaHC0 3 , pH 8.6, 0.02% NaN 3 ) and is incubated overnight at 
4* C. The following day the streptavidin solution is 
removed. The plate is filled with 10 ml blocking 
solution (30 mg/ml BSA, 3 jxg/ml streptavidin in 0.1 M 
NaHC0 3 , pH S.2, 0.02* NaN 3 ) and incubated for 2 hours at 
room temperature. Two micrograms of biotinylated goat 
anti-mouse IgC (BRL) are added to the antibody-reacted 
phage library and incubated for 2 hours at 4'C. 
Immediately before panning, blocking solution is removed 
from streptavidin coated plate, and the plate is washed 3 
times with T3S/0. 05* Tveen 20. The antibody-reacted 
phage library is then added to the plate and incubated 
for 30 minutes at room temperature. Streptavidin coated 
agarose beads (BRL) may also be used for this affinity 
purification. The phage solution is removed and the 
plate is washed ten times with TBS/0.05% Tveen 20 over a 
period of 60 minutes. Bound phage are removed by adding 
elution -buffer (1 mg/ml BSA, 0.1 N HC1, pH adjusted to 
2.2 with glycine) to the petri plate and incubating for 
10 minutes to dissociate the immune complexes. The 
eluate is removed, neutralized with 2M Tris (pH 
unadjusted) and used to infect log phase F » -conta ining 
bacterial cells. These cella are then plated on LB agar 
plates containing tetracycline (20 jig/nl), and grown 
overnight at 37-c. Phage are isolated from these plates 
as described and the affinity purification process was 
repeated for two to three rounds. After the final round 
of purification, a portion of the eluate is used to 
infect cells and plated at low density on LB tetracycline 
plates. Individual colonies are transferred to culture 
tubes containing 2 ml L3 tetracycline and grown to 
saturation. Phage DNA is isolated using a method 
designed for the Beckman Biomek Workstation (Mardis and 
Roe/ ' Piotechnicnjes, 7: 840-850 (1989)) which employs 96- 
weil microtiter plates. Single stranded DNA is sequenced 
by the dideoxy method using Sequenase (U.S. Biochemica Is) 
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WHAT TS C LATHED T«i - 



1- A method for screening a DNA library for a 
nucleotide sequence which encodes a protein of interest, 
comprising: 

transforming a host cell with a bacteriophage 
expression vector which comprises (i) a DMA library 
member joined to a first nucleotide sequence encoding a 
tag protein, and (ii) a second nucleotide sequence 
encoding a tag ligand protein, which second sequence is 
joined to a third nucleotide sequence encoding a coat 
protein of the bacteriophage; 

cultivating the transformed cell under 
conditions suitable for expression and assembly of 
bacteriophage particles and the protein of interest; and 
selecting bacteriophage particles encoding the 
protein of interest by means of a ligand specific 
therefor. 



2. The method according to c laim ^l. wherein 
the bacteriophage vector is lambda. 

3- The method according to claim 2, wherein 
the lambda coat protein is gpO or gpE. ~ 

4. The method according to claim _i , wherein 
the protein that specifically binds the^IfTrotein and ' 
the bacteriophage coat protein are expressed as a fusion 
protein. 

5. The method according to claim A. wherein 
the protein that specifically binds the'TaT^otein is on 
an outer surface of the bacteriophage coat protein. 

6- The method according to cl^l, wherein 
the tag protein and the protein of interest are expressed 
as a fusion protein. 
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The method according to cloiajS, wherein 
the protein of interest comprises an ant ibody ^Ti^Npr 
binding fragment thereof. * ' ' — 

8. The method according to claim 7, wherein 
the fusion protein comprises the tag protein and an 
antibody heavy chain or variable region thereof. 

9. The method according to claim 3, wherein 
the tag protein is fused to the C-terminu7"5f the heavy 
chain or variable region thereof. 



; 1 °J Tne method according to / cla im"^! %here in 
^_ta^p^otein is fused to the C- termi nus or tn antibody 
flight '"'S^in^br variable region thereof. 

11. The method according to claim l, wherein 
the bacteriophage are harvested from the^host^cel 1 
culture before the selecting step. 

12. The method according to claim 1, wherein" 
expression of the DNA library sequence «rs is 
inducible. 

13. The method according to claim 12, wherein 
the induction of expression of the DNA librTr^ sequences 
is delayed until assembly of some bacteriophage particles 
has occurred. 

14. The method according to claim 1, wherein 
the transformed host cells are lysed after cultivation 
and the bacteriophage particles are selected from 
cellular debris. 

15. The method according to cl aim 14 , wherein 
the bacteriophage particles encoding the protein of 



interest are enriched by repeating the selection step at 
least once. 



16. The method according to claim 14, wherein 
an excess of tag protein is added to the^cuTTure of 
transformed host cells before lysis. 

17. The method according to c laim l, wherein 
the bacteriophage vector is a filamentous bacteriophage. 

18. The method of clain ^ 17 , wherein the second 
nucleotide sequence encoding the tag ligand protein is 
cloned into the 5' region of a nucleotide sequence 
encoding the bacteriophage coat protein. 

19. The method of claim 18, wherein the 
protein of 'nterest comprises ~arT~ant ibcdy ch?in or a 
binding fragment thereof. 

20. The method according to claim 19, wherein 
the tag protein is fused to the C-terminuF""oT an antibody 
heavy chain or variable region thereof. 

21. The method according to claim 20, wherein 
the bacteriophage vector further comprises^r-second DNA 
library member encoding an antibody light chain or a 
variable region thereof. 

22. The method according to claim 21, wherein 
the second DMA library member encoding thT~antlbody light 
chain or variable region thereof is expressed with a 
signal peptide leader which directs secretion of the 
light chain into the periplasm oi the transformed host 
cell. 

23. The method of claim l^ further comprising 
the step of isolating the nucleotide sequences which 



encode the protein of interest from the selected 
bacteriophage particles. 

24. A method for isilating a nucleotide '-^ 
sequence which encodes a protein of interest, comprising 

transforming a host cell with a bacteriophage 
expression vector which comprises a DNA library member 
joined to a nucleotide sequence encoding a coat protein 
of the bacteriophage, wherein a coat protein-library 
protein fusion product is encoded; 

cultivating the transformed cell under 
conditions suitable for expression and assembly'of 
bacteriophage particles; and 

selecting bacteriophage particles which encode 
the protein of interest. 

-5. The method according to claim 24, furthe- 
comprising the step of isolating the nucleotiae sequences 
which encode the protein of interest from the 
bacteriophage which have been selected. 

26. The method according to claim 24, wherein 
the bacteriophage is a filamentous phagVTT 

27. The method according to claim 26, wherein 
th« filamentous bacteriophage is fl, fd,^oTlu3. 

28. The method according to claim 26, wherein 
the bacteriophage is fd or a derivative ^tKi^eof . 

29. The method according to claim 28, wherein 
the coat protein is pin. 

30. The method according to claim_26, wherein 
the DNA library member is inserted in the 5' region of 
the nucleotide sequence which encodes the bacteriophage 
coat protein. 



31. The method according to clain in ^ 

Ira ^.„ t thereo( . *" tlbM >' « a 

33. The method according to clii-, v 

the dna r co BPrises aip f ' e : e ; ein 

anti j;" hea T v h y e : h ^° d according to 
- DNA u j a r:L:: 1 3 °l ™ rr eof ™ ^ 

bacteriophage coat protein. C — s to the 

35. The method according to clain , h 

the bacteriophage vector fur^r- • herein 

library ae mbe^ LodLT «*P«sS3^ second D!JA 

variable e^ing an antibody light chain or a 

variaole region thereof. 

36. The method according to chin 1? 
second DNA library neai ber encJino °>i^"' 

chain or variable . ^coding an antibody light 

-Pimed loll regi °" — f is Obtained fron 

™ library^ ZT 0 T° £ C ^. 35 ' VhS " in —n- 
variable 7 « encod W *n antibody Hg ht chain Qr 

pep de 1 ! there ° f 13 SX?reSSed ^ • 

^Xu-rsrr secretion of the ^ — 

P npiasa cf the transformed host cell. 

38. The .method of cl*ia -»7 uh 
is selected f rOB «.,,. <=j£i=J7_. wherein the leader 

»«. or;:,:::,::;," « - ~ •■ 
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39. The method according to claim 24, wherein 
the bacteriophage are purified from the host^ce! 1 culture 
before the selecting step. 

40. The method according to claim 24, wherein 
expression of the ON A library sequences Ts^rnducib le . 

41. The method according to claim 24, wherein 
the bacteriophage which encode the protein of interest 
are selected by means of a ligand specific for the 
protein of interest. 

42. The method of claim 4 1, wherein the 
protein of interest is an antibody and the ligand :.s an 
antigen specifically bound by said antibody. 

43. The method according to claim 24, wherein 
the bacteriophage particles encoding the protein of 
interest ara enriched by repeating the selection szep at 
least once. 

44. A composition comprising a protein of 
interest produced according to the method of claim l, 17 
or J A . 

45. The composition of claim 44, wherein the 
protein of interest is an antibody molecule or binding 
fragment thereof. 

46. The antibody of claia 4 5 wherein the 
antibody binds to a preselected antigen. 
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ABSTFJVCT OF THE DISClOSfcRE 
Nucleotide sequences encoding prutc-i-* - f 
5 interest are isolated f.rca DNA libraries usina 

bacteriophage to link the protein to the. sequence 
encodes ft. DI ,A l ibraries are prepared f . ^ 
encoding the protein of interest and inserted into o- 
adjacent to a coat protein of a bacteriophage vector^ . P 
into a sequence encoding a protein vhich r., y be lirrc- 
neans of a ligand to a phage coat protein. Bv 
affinity purification. techniques the phage part 'cles' 
containing sequences encoding the desired protein -ay >e 
seated and the desired nucleotide sequences ocean./ 
therefroa. Thus, for exa=ple, novel proteins such as 
nonoclonai antibodies =,y be produced and convontion.l 
nybc^doca technology avoided 
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